The anticancer activity of 1,25-dihydroxyvitamin D3 (1,25(OH) 2 D 3 or calcitriol) has been widely reported in preclinical models. However, systematic investigation into the chemopreventive potential of calcitriol against the spectrum of oral carcinogenesis has not been performed. To address this gap in knowledge, we conducted a preclinical prevention trial of calcitriol in the 4-nitroquinoline-1-oxide (4NQO) oral carcinogenesis model. C57BL/6 mice were exposed to the carcinogen 4NQO in drinking water for 16 weeks and randomized to control (4NQO only) or calcitriol arms. Calcitriol (0.1 μg i.p, Monday, Wednesday, and Friday) was administered for (i) 16 weeks concurrently with 4NQO exposure, (ii) 10 weeks post completion of 4NQO exposure, and, (iii) a period of 26 weeks concurrent with and following 4NQO exposure. Longitudinal magnetic resonance imaging (MRI) was performed to monitor disease progression until end point (week 26). Correlative histopathology of tongue sections was performed to determine incidence and multiplicity of oral dysplastic lesions and squamous cell carcinomas (SCC). Vitamin D metabolites and calcium were measured in the serum using liquid chromatography-mass spectrometry (LC-MS/MS) and colorimetric assay, respectively. Renal CYP24A1 (24-hydroxylase) and CYP27B1 (1α-hydroxylase) expression was measured by quantitative reverse transcription polymerase chain reaction (qRT-PCR). Immunostaining of tongue sections for vitamin D receptor (VDR), CYP24A1, and Ki67 was also performed. Non-invasive MRI enabled longitudinal assessment of lesions in the oral cavity. Calcitriol administered concurrently with 4NQO for 16 weeks significantly (P b .001) decreased the number of premalignant lesions by 57% compared to 4NQO only controls. Mice treated with calcitriol for 26 weeks showed highest renal CYP24A1, lowest serum 1,25(OH) 2 D 3 levels and highest incidence of invasive SCC. Immunohistochemistry revealed increased VDR, CYP24A1 and Ki67 staining in dysplastic epithelia compared to normal epithelium, in all four groups. Collectively, our results show that the effects of calcitriol on oral carcinogenesis are critically influenced by the stage of intervention and duration of exposure and provide the basis for exploring the potential of calcitriol for prevention of OSCC in the clinical setting.
Introduction
Oral cancer is one of the major causes of cancer-related morbidity and mortality worldwide with over 90% diagnosed histologically as oral squamous cell carcinomas (OSCC) [1, 2] . Development and progression of OSCC is a multi-step process that is associated with accumulation of genetic alterations over time as a result of chronic www.neoplasia.com exposure to carcinogens such as tobacco, cigarette smoke, and alcohol [3, 4] . The high rate of recurrence of OSCC and the formation of second primary tumors has been attributed to a number of factors including field cancerization, i.e. multifocal development of disease in the mucosa following carcinogen exposure [3] [4] [5] . This unique disease biology makes OSCC an ideal target for preventive intervention.
Vitamin D is a fat-soluble vitamin that is known to regulate several physiologic processes including skeletal function through its effects on calcium and phosphorus metabolism [6, 7] . In humans, vitamin D is synthesized upon exposure to sunlight or can be obtained through dietary consumption of fortified foods and undergoes metabolic conversion in the liver and kidneys [6] . Vitamin D undergoes initial hydroxylation to 25-hydroxycholecalciferol in the liver and further hydroxylation in the kidneys by the cytochrome P450 monooxygenase CYP27B1 [1α (OH) ase] to the active metabolite, 1,25-dihydroxycholecalciferol [1, 25 (OH) 2 D 3 ] or calcitriol. Catabolic inactivation of 1,25 (OH) 2 D 3 to 1,24,25 (OH) 2 D 3 occurs in kidneys or locally in target tissues through auto-induction of the 24-hydroxylase [24(OH)ase; encoded by the CYP24A1] [6, 7] . Auto-induction occurs when 1,25(OH) 2 D 3 binds to the vitamin D receptor (VDR). Ligand-activated VDR binds to vitamin D response elements (VDREs) within the CYP24A1 promoter to increase gene transcription [8, 9] . CYP24A1 induction is an indicator of functional vitamin D signaling within cells [10] .
In addition to its essential role in health, vitamin D status has also been linked to several pathologic conditions including hypertension, diabetes and cancer [11] [12] [13] . Epidemiologic studies have reported an inverse association between circulating levels of 25(OH)D 3 and risk of several cancers including oral cancer [14, 15] . A high prevalence of vitamin D insufficiency has also been reported in head and neck cancer patients [16] . Mechanistically, calcitriol, the active metabolite of vitamin D, exerts potent antitumor effects through inhibition of proliferation, promotion of apoptosis and blockade of angiogenesis, all of which are mediated through the vitamin D receptor (VDR) [17, 18] . The chemopreventive effects of calcitriol have been documented in preclinical models of breast, prostate, lung and oral cancers [19] [20] [21] [22] [23] . Meier et al. have demonstrated that systemic administration of calcitriol significantly delays oral carcinogenesis in the hamster buccal pouch [22] . We have previously reported that short-term treatment with calcitriol enhances efficacy of the epidermal growth factor receptor (EGFR) inhibitor, Erlotinib, in the 4-nitroquinoline-1-oxide (4NQO) carcinogen-induced model of oral cancer [23] . While studies have demonstrated the potent growth inhibitory effects of calcitriol against oral and head and neck cancer cells in vitro [24, 25] , systematic investigation into the chemopreventive potential of calcitriol against the spectrum of oral carcinogenesis has not been performed to date. To address this gap in knowledge, in the present study, we conducted preclinical prevention trials in the 4NQO oral carcinogenesis model [26] to determine the impact of stage of intervention on the activity of calcitriol against OSCC. C57BL/6 mice were administered calcitriol concurrently with and/or following 4NQO exposure to evaluate the effect of calcitriol on disease initiation and promotion/progression of OSCC. A combination of non-invasive magnetic resonance imaging (MRI), liquid chromatography-mass spectrometry (LC-MS/MS), colorimetric assay, quantitative reverse transcription polymerase chain reaction (qRT-PCR) along with immunohistochemical and histologic evaluation was employed to examine the impact of multiple calcitriol regimens on disease progression, vitamin D metabolism and signaling.
Materials and Methods

Reagents
Calcitriol was prepared in 100% ethanol at a concentration of 200 μg/ml, stored at −80°C, and further diluted in Dulbecco's phosphate buffered saline (DPBS) to a concentration of 1 μg/ml for treatment. The carcinogen 4NQO (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in propylene glycol at 4 mg/ml and diluted in autoclaved water to a final concentration of 100 μg/ml. A fresh batch of 4NQO dissolved in drinking water was prepared every week for each of the 16 weeks of carcinogenic exposure [23, 27] . Regular autoclaved water was provided following completion of carcinogen exposure.
Animals, Study Design, and Endpoints
Experimental studies were carried out using 15 week old female C57BL/6NCr mice (Charles River, Wilmington, MA, USA). Animals were housed in microisolator cages with 12-hour light-and-dark cycles in the Laboratory Animal Shared Resource at Roswell Park Comprehensive Cancer Center. Animals were fed house chow that contains 1000 IU vitamin D3 throughout the entire study duration. The design for the two experimental studies is shown schematically in Figure 1 .
Study 1 -Inhibition of Initiation ( Figure 1A ). C57BL/6 mice (n = 10 total) were administered PBS (n = 4; 4NQO) or calcitriol (n = 6; 0.1 μg i.p, Monday, Wednesday, Friday; 4NQO + calcitriol; shaded in yellow) concurrently with 4NQO exposure in drinking water for a total of 16 weeks. Non-invasive magnetic resonance imaging (MRI) was performed at week 0 prior to start of 4NQO exposure and at the end of week 16. Following completion of imaging, animals were euthanized for histologic evaluation of the incidence of premalignant and malignant lesions.
Study 2 -Inhibition of Progression ( Figure 1B ). C57BL/6 mice (n = 19 total) were randomized into a PBS control arm (n = 4; 4NQO) or one of three calcitriol arms. Arm 1 (n = 5): Calcitriol (0.1 μg i.p, Monday, Wednesday, Friday) administered concurrently with 4NQO exposure in drinking water for a total of 16 weeks (4NQO + calcitriol; shaded in yellow). Arm 2 (n = 5): Calcitriol (0.1 μg i.p, Monday, Wednesday, Friday) administered 10 weeks post completion of 16 weeks of 4NQO exposure (4NQO → calcitriol; shaded in blue). Arm 3 (n = 5): Calcitriol (0.1 μg i.p, Monday, Wednesday, Friday) administered for a period of 26 weeks concurrent with and following 4NQO exposure (4NQO + calcitriol → calcitriol; shaded in red). Visual examination of tongue lesions was performed under white light and body weight measurements were obtained once every 3 days throughout the duration of the study as a measure of toxicity. Non-invasive magnetic resonance imaging (MRI) was performed at week 0 prior to start of 4NQO exposure with subsequent examinations performed at weeks 16, 20, 24 and 26 of study. Mice were humanely euthanized at study end point (week 26) or when animals exhibited a sustained loss of body weight (N20% of their highest body weight). At week 26, histopathologic assessment of tongue sections was performed to examine the effects of the three calcitriol regimens on the incidence of oral dysplastic lesions and squamous cell carcinomas. In addition to histologic evaluation, tongue sections were immunostained for VDR, CYP24A1 and the proliferation marker, Ki67. Serum levels of 25 (OH)D 3 , 1,25 (OH) 2 D 3 and calcium were determined using liquid chromatography-mass spectrometry (LC-MS/MS) and colorimetric assay, respectively. Renal CYP24A1 and CYP27B1 expression was measured by quantitative reverse transcription polymerase chain reaction (qRT-PCR). All experimental procedures were performed in accordance with approved protocols at Roswell Park Comprehensive Cancer Center.
MRI
MRI examinations were performed using a 4.7-T/33-cm horizontal bore magnet (GE NMR Instruments) within the Translational Imaging Shared Resource at Roswell Park. Briefly, the mice were secured in an MR-compatible sled and positioned in the scanner. Animal body temperature was maintained at 37°C during imaging using an air heater system (SA Instruments Inc., Stony Brook, NY) and sensors in the sled enabled temperature and respiratory monitoring during imaging. Multi-slice axial T2-weighted (T2W) spin echo images incorporating rapid acquisition with relaxation enhancement (RARE) encoding were acquired for each mouse and analyzed as described previously [23] .
Analysis of Vitamin D Metabolites
Blood samples were collected by cardiac puncture at study endpoint. Approximately 300-400 μl of whole blood per mouse was collected to isolate serum. Levels of 1,25(OH) 2 D 3 , 25(OH)D 3 and calcium were measured in sera pooled from 3-4 animals in each experimental group. Assays were performed by Heartland Assays (Ames, IA, USA).
Quantitative PCR
Kidneys were homogenized using a mortar and pestle and subjected to RNA extraction using the TRI-reagent, Direct-Zol, RNA Mini-Prep Kit (Zymo Research, Irvine, CA, USA) according to manufacturers' directions. The purity and concentration of the RNA was assessed using NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription of total RNA was performed using the High Capacity cDNA reverse transcription kit with random hexamer primers (Applied Biosystems, Foster City, CA, USA). The cDNAs were quantified in triplicate and 5 ng was used to measure expression of CYP24A1 and CYP27B1 using the standard SYBR Green protocol in a 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). GAPDH was amplified and served as an internal control. The primer sequences were as follows: mouse GAPDH: (forward) 5′ TGA GGC CGG TGC TGA GTA TGT CG 3′ and (reverse) 5′ CCA CAG TCT TCT GGG TGG CAG TG 3′; mouse CYP24A1: (forward) 5′ GCA CAA GAG CCT CAA CAC CAA 3′ and (reverse) 5′ AGA CTG TTT GCT GTC GTT TCC A 3′; mouse CYP27B1: (forward) 5′ CAG TCC ATC CTG GGA AAT GTG A 3′ and (reverse) 5′ ACC ACA GGG TAC AGT CTT AGC A 3′. The ΔΔ Ct method was used to calculate relative gene expression. The 4NQO only control group was used as a reference.
Histological Assessment
Whole tongue specimens were fixed in 10% neutral-buffered formalin (Sigma-Aldrich, St. Louis, MO, USA) and longitudinally dissected for histology. Three sections 50 μm apart were stained with hematoxylin and eosin (H&E), and the worst histologic grade was identified. Histological assessment of tongue lesions was performed based on criteria suggested by Warnakulasuriya et al. [28, 29] . Briefly, hyperplasia and hyperkeratosis were defined as thickened epithelium with prominent surface keratinization with or without a thickened spinous layer that exhibited an absence of nuclear atypia in the epithelial cell. Oral epithelial dysplasia was defined by evidence of increased nuclear:cytoplasmic ratio, hyperchromatic nuclei, increased or abnormal mitotic figures, nuclear pleomorphism, loss of polarity in the epithelial cells, dyskeratosis and drop-shaped rete ridges. Dysplasia was classified as 'mild' when these changes involved the lower third parabasal layers, 'moderate' when changes extended to the middle third, and as severe dysplasia or carcinoma in situ (CIS) when dysplastic changes were detected in the upper third layers. Papillary Figure 1 . Preclinical prevention trials of calcitriol against OSCC. Two studies were conducted to examine the effects of calcitriol on inhibition of disease initiation (A) and progression (B) in the 4NQO model. In the first study (A), C57BL/6 mice were administered PBS (n = 4; 4NQO) or calcitriol (n = 6; 0.1 μg i.p, Monday, Wednesday, Friday; 4NQO + calcitriol; shaded in yellow) for a total of 16 weeks concurrently with 4NQO exposure in drinking water. Non-invasive magnetic resonance imaging (MRI) was performed at week 0 prior to start of 4NQO exposure and at the end of week 16. Following completion of imaging, animals were euthanized for histologic evaluation of the incidence of premalignant and malignant lesions. (B) In the second study, C57BL/6 mice were randomized into a PBS control arm (n = 4; 4NQO) or one of three calcitriol (0.1 μg i.p, Monday, Wednesday, Friday) arms. Arm 1 (n = 5): Calcitriol was administered concurrently with 4NQO exposure in drinking water for a total of 16 weeks (4NQO + calcitriol; shaded in yellow). Arm 2 (n = 5): Calcitriol was administered 10 weeks post completion of 16 weeks of 4NQO exposure (4NQO → calcitriol; shaded in blue). Arm 3 (n = 5): Calcitriol was administered for a period of 26 weeks concurrent with and following 4NQO exposure (4NQO + calcitriol → calcitriol; shaded in red). Non-invasive magnetic resonance imaging (MRI) was performed at week 0 prior to start of 4NQO exposure with subsequent examinations performed at weeks 16, 20, 24 and 26 of study. At week 26, histopathologic assessment of tongue sections was performed to examine the effects of the three calcitriol regimens on the incidence of oral premalignant lesions and invasive cancer. Tongue sections were also immunostained for VDR, CYP24A1 and Ki67. Serum levels of 25 (OH)D 3 , 1,25 (OH) 2 D 3 and calcium were determined using liquid chromatography-mass spectrometry (LC-MS/MS) and colorimetric assay, respectively. lesions were characterized by moderate or severe anaplastic epithelial lesions with exophytic papillary projections and invasive cancer was defined as lesions that exhibited atypical epithelial cells in the underlying connective tissue stroma [23, 27] . Mild and moderate dysplastic lesions were grouped as low grade dysplasia while severe dysplasia/CIS was considered as high grade dysplasia. Papillary lesions and invasive carcinomas were grouped as SCCs. Incidence of dysplasia and SCC was reported as percentage of animals based on worst histology from three contiguous tongue sections separated by 50 μm. Multiplicity was calculated by summing up individual lesions in each of the three sections and reported as a total number of dysplastic or SCC lesions per mouse.
Immunohistochemistry
Immunostaining of tongue sections for VDR, CYP24A1 and Ki67 was performed on formalin fixed paraffin embedded (FFPE) tongue sections using the Envision technique, Dako Real EnVision Detection System and Peroxidase/DAB+ (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's protocol. Briefly, the FFPE sections were de-paraffinized with xylene followed by rehydration in descending grades of Ethanol. Heat mediated antigen retrieval was performed using a vegetable steamer (95-98°C, 30 minutes) in 10 mM citrate buffer (pH 6.0). Endogenous peroxidase activities were blocked with endogenous peroxidase blocking agent for 10 minutes followed by a serum-free protein block for 1 hour in room temperature. FFPE sections were incubated with antibodies specific for VDR (Thermo Fisher Scientific; MA1-710; 1:500 for 30 minutes at room temperature), CYP24A1 (MyBioSource, Inc.; MBS178241; 1:1000; 1 hour at 37°C) and Ki67 (Cell Signaling Technology; D3B5; 1:200; overnight at 4°C). For VDR immunostaining, unconjugated Rabbit Anti-Rat IgG antibody (Vector Lab, Burlingame, CA, USA) was applied for 30 minutes followed by secondary antibody (Dako, Agilent Technologies, Santa Clara, CA, USA) for another 30 minutes for VDR. Secondary antibody for CYP24A1 and Ki67 were applied for 1 hour. DAB (Diaminobenzidine) (Dako, Agilent Technologies, Santa Clara, CA, USA) was applied for 5 minutes for visualization. FFPE sections were counterstained with Harris hematoxylin, dehydrated through ethanol, cleared with xylene, and mounted. The FFPE sections were digitized using ScanScope XT system (Aperio Technologies). Quantification of nuclear VDR and cytoplasmic CYP24A1 immunoreactivity was performed at 10× magnification. Captured digital images were analyzed using the Image J IHC profiler Macro (NIH Image J, Version 1.51j8) to calculate the staining intensity. Quantitation of Ki67 immunoreactivity was performed at 40x magnification. The intensity scores were classified as: negative = 0; weak = 1; moderate = 2 and strong = 3. The proportion of Ki67+ cells was quantified as: 0 = negative; 1 = ≤10%; 2 = 11-50%; 3 = 51-80% and 4 = ≥ 80% of positive cells. The final Ki67 immunereactive score was determined by multiplying the intensity and the proportion scores of the stained cells to obtain an immune-reactive score ranging from 0 to 12.
Statistical Analysis
Body weight measurements obtained were analyzed by comparing average weekly body weight values between control and calcitriol groups over the 26 week study period using multiple t tests beginning at week 0. Comparisons of multiplicity of premalignant and malignant lesions at week 26 among the groups were performed using weighted least-squares ANOVA with Tukey adjusted post-hoc comparisons. Differences in CYP24A1 and CYP27B1 mRNA expression levels between multiple groups were analyzed using one-way ANOVA with Tukey adjusted posthoc test. Pearson's correlation analyses were performed to evaluate the relationship between duration of calcitriol exposure and (a) vitamin D metabolite, (b) calcium levels, and (c) mRNA levels of enzymes. VDR, CYP24A1 and Ki67 staining intensity data was summarized for healthy epithelium and diseased tissue (low-grade dysplasia, high-grade dysplasia and OSCC) and compared for control and calcitriol groups using Holm-Bonferroni adjusted tests. All model assumptions were verified graphically and transformations were applied as appropriate. Student's t-test, one-way ANOVA test and Pearson's correlation were performed using Graph Pad Prism version 7.00 for Windows (Graph Pad Software, La Jolla, CA, USA). Weighted least-squares ANOVA with Tukey adjusted post-hoc comparisons and Holm-Bonferroni adjusted tests were performed using SAS software (version 9.4, Cary, NC, USA). All measured values were reported as the mean ± standard error of the mean (SEM). A significance level of 0.05 was considered for all analyses.
Results
Calcitriol Inhibits Initiation of Oral Carcinogenesis in the 4NQO Model
We first examined the effect of calcitriol on the initiation of OSCC in the 4NQO model. To this end, C57BL/6 mice were randomized to receive calcitriol (n = 6; 0.1 μg i.p, Monday, Wednesday, Friday; 4NQO + calcitriol) or equal volume of PBS (n = 4; 4NQO alone) concurrently with 4NQO exposure in drinking water for a total of 16 weeks. Non-invasive magnetic resonance imaging (MRI) was performed at week 0 (prior to 4NQO exposure or calcitriol/PBS treatment) and at the end of week 16. The panel of images shown in Figure 2A represent axial T2-weighted (T2W) MR images of a control and a calcitriol-treated animal at week 0 and at week 16. A single slice of approximately the same anatomic region of the tongue is shown across time points for both groups. T2-weighted MRI of naïve (non-4NQO exposed mice) did not show any evidence of abnormalities or exophytic masses in the oral cavity (Supplementary Figure S1 ). Compared to baseline scans, 4NQO exposure over 16 weeks resulted in bilateral thickening of the lateral borders of the tongue that appeared hyperintense (yellow arrows) on the T2W images in animals in both control (top) and calcitriol (bottom) treated animals. No evidence of exophytic lesions in the tongue or oral cavity were detected in any of the mice on MRI during the 16 week period. Corresponding histologic sections of the tongue from the control animal showed hyperplastic squamous epithelium with moderate epithelial dysplasia, while the calcitriol treated animal showed mild dysplasia. Consistent with the absence of tongue masses on MRI, histologic evaluation did not reveal presence of invasive cancer in any of the animals. Quantification of the number of dysplastic lesions revealed a significant reduction (P b .05) in the number of lesions ( Figure 2B ) in the calcitriol group (13.17 ± 2.23; n = 6) compared to PBS controls (22.25 ± 2.05; n = 4).
Safety and Metabolic Profiles of Long-Term Calcitriol Administration in the 4NQO Model
Next, we investigated the safety of long-term calcitriol exposure using the three regimens in the 4NQO model. The three calcitriol regimens were well tolerated by the animals with no clinical signs of toxicity (ruffled fur, altered movement, lethargy or death) observed during the study period. In addition, body weight measurements obtained once every 3 days did not show any evidence of excessive weight loss (N20%) with the three calcitriol regimens compared to PBS controls ( Figure 3A) . At baseline (week 0) prior to start of Neoplasia Vol. 21, No. 4, 2019 Preclinical trial of calcitriol in OSCC Vincent-Chong et al. To investigate the effect of the three calcitriol regimens on vitamin D homeostasis, we measured serum levels of 25(OH)D 3 and 1,25(OH) 2 D 3 by LC-MS/MS. As shown in Figure 3B , 25(OH)D 3 levels were comparable between 4NQO alone controls (18 ng/ml) and the two calcitriol regimens, 4NQO + calcitriol → calcitriol (18 ng/ml) and 4NQO + calcitriol (17 ng/ml). Mice from the 4NQO → calcitriol group exhibited slightly lower 25(OH)D 3 levels (14 ng/ml). Lowest level of 1,25(OH) 2 D 3 (37 pg/ml) was measured in mice treated with (4NQO + calcitriol → calcitriol) compared to 4NQO controls (77 pg/ml) and the two calcitriol regimens, 4NQO + calcitriol (62 pg/ml) and 4NQO → calcitriol (70 pg/ml) ( Figure 3C ). Given the risk of Neoplasia Vol. 21, No. 4, 2019 Preclinical trial of calcitriol in OSCC Vincent-Chong et al.
hypercalcemia with calcitriol administration, we measured serum calcium by colorimetry which showed calcium levels to be within the normal range of 8-10 mg/dl in mice [30] across the groups ( Figure 3D ).
MRI-based Monitoring of 4NQO-Induced Oral Lesions in Mice
We utilized non-invasive MRI to longitudinally monitor changes in the oral cavity of mice following exposure to 4NQO with or without calcitriol treatment over 26 weeks. The panel of images shown in Figure 4 represent non-contrast enhanced T2-weighted MR images of the regionof-interest (oral cavity) from an animal in each of the 4 groups at week 0 (prior to 4NQO exposure), week 16 (following completion of 4NQO exposure) and at weeks 20, 24 and 26 (study end point). Whole axial slices of the animals from the 4 groups are shown in Supplementary Figure S2 . MRI examination of all five animals in the 4NQO control group showed evidence of hyperintense thickening (4NQO; outlined in yellow) of the lateral borders of the tongue by week 16 suggestive of early hyperplastic changes following carcinogen exposure.
Exophytic lesions on the tongues of mice were detected by week 20 suggestive of malignant transformation. In comparison, animals in the 4NQO + calcitriol group showed thickening of lateral borders of the tongue (white arrows) without any evidence of exophytic growth. Similar to the control animals, animals in the two calcitriol regimens (4NQO → calcitriol, (4NQO + calcitriol → calcitriol) showed evidence of lesions on lateral borders and anterior tongue (white arrows) or exophytic lesions on the dorsum (yellow outline) visible on MRI.
Efficacy of Calcitriol Administration on Oral Dysplasia and SCC
Next, we evaluated the effect of the stage of intervention and duration of calcitriol on the oral dysplasia and SCC by histologic evaluation (Figure 5 ). Whole tongue sections from control animals (4NQO alone) and mice exposed to the three calcitriol regimens were evaluated at week 26 (study end point). The incidence of low grade dysplasia was comparable between 4NQO controls (100%) and the three calcitriol regimens (80-100%). Two out of 4 animals (50%) in the control group showed high grade dysplasia while 1/5 (20%) animals in the 4NQO + calcitriol group, 4/5 (80%) animals in the 4NQO → calcitriol and 4/5 (80%) animals in the 4NQO + calcitriol → calcitriol showed presence of high grade dysplastic lesions. These differences were not statistically significant. Quantitative analysis ( Figure 5A) In comparison, only 60% of animals in the three calcitriol regimens showed presence of SCC. Notably, none of the animals (0/5) in the 4NQO + calcitriol group showed evidence of invasive SCC. One out of five animals (20%) in the 4NQO → calcitriol group showed SCC that was invasive while 3/5 (60%) animals in 4NQO + calcitriol → calcitriol showed evidence of invasive SCC. Evaluation of tumor multiplicity ( Figure 5B) 
Impact of Calcitriol Intervention on Disease Phenotype and Vitamin D Signaling
Finally, we examined the effect of calcitriol treatment on disease phenotype. To accomplish this, tongue sections from control and calcitriol treated mice excised at week 26 were immunostained for the proliferation marker, Ki67. The biological effects of calcitriol are mediated through its interactions with the vitamin D receptor (VDR) and regulated by local levels of the hydroxylase CYP24A1 in target tissues. Therefore, in addition to Ki67, tongues were immunostained for VDR and CYP24A1 to evaluate the impact of the three calcitriol regimens on local vitamin D signaling. The panel of images shown in Figure 6 represent photomicrographs of hematoxylin and eosin stained tongue sections (H&E) along with matched fields of VDR and CYP24A1 (10X magnification). Corresponding Ki67 immunostained field (40X) magnification is also shown on the right. The images for the control (4NQO alone) and the three calcitriol regimens are shown for normal tongue epithelium (A), low-grade dysplasia (B), high-grade dysplasia (C), and invasive cancer (D). Quantification of VDR, CYP24A1 and Ki67 levels across the groups and disease stages are presented in Figure 7 . Control animals (4NQO alone) and animals treated with the two calcitriol regimens, 4NQO → calcitriol and 4NQO+ calcitriol → calcitriol showed presence of invasive SCC ( Figure 6D ) while the worst histologic diagnosis in animals exposed to 4NQO + calcitriol was high grade dysplasia ( Figure 6C ). Protein expression of VDR, CYP24A1 and Ki67 was detectable in all normal epithelium, LGD, HGD and OSCC across the 4 groups ( Figure 6 , A-D). Control tongues showed higher nuclear VDR staining in high-grade dysplasia (P b .001) and OSCC (P b .05) compared to normal epithelium ( Figure 7A) . A significant (P b .01) increase in VDR staining was also seen in high grade dysplastic lesions compared to low grade lesions in control animals ( Figure 7A ). Tongues of mice from 4NQO + calcitriol ( Figure 7B ) and 4NQO → calcitriol ( Figure 7C ) cohorts showed a significant increase in VDR in high grade dysplasia compared to normal epithelium. No difference in VDR staining intensity was seen between normal epithelium and diseased tongue in animals in the 4NQO + calcitriol → calcitriol group ( Figure 7D ). Neoplasia Vol. 21, No. 4, 2019 Preclinical trial of calcitriol in OSCC Vincent-Chong et al. Figure 7H ) did not show any differences across the disease spectrum compared to normal epithelium. Both low-grade and high-grade dysplastic lesions showed increased CYP24A1 staining compared to normal epithelium ( Figure 7F ) in animals treated with 4NQO + calcitriol. In comparison, areas with high grade dysplasia alone showed increased CYP24A1 staining compared to normal epithelium in the 4NQO → calcitriol group ( Figure 7G ). Ki67 immunostaining revealed positive nuclear staining in all 4 groups from normal epithelium to invasive cancer. Control (4NQO) animals showed increased Ki67 scores in dysplastic and invasive OSCC compared to normal epithelium ( Figures 6, A-D, 7I) . Similarly, animals treated with 4NQO + calcitriol ( Figure 7J ) and 4NQO → calcitriol ( Figure 7K ) showed increased Ki67 levels in low-grade and high-grade dysplastic lesions compared to normal epithelium. Tongues from animals exposed to 4NQO + calcitriol → calcitriol showed comparable staining across dysplastic and invasive OSCC ( Figure 7L ). 
Discussion
Successful development of safe and effective preventive strategies could have a significant impact on the quality of life and survival of OSCC patients. Oral cancers are considered an ideal disease site for preventive intervention given that the oral cavity is an easily accessible site for clinical examination and histologic evaluation of suspicious lesions. The ease of access to diseased sites combined with modifiable risk factors (tobacco and alcohol use) and unique disease biology (field cancerization) has led to widespread interest in evaluating nutritional supplements and plant extracts for their potential chemopreventive activity against oral premalignant and malignant lesions. In this regard, several studies have shown that vitamin D and its analogues exhibit potent growth inhibitory effects against oral cancer cells in culture [24, 25] . Studies have also demonstrated the potential antitumor activity of vitamin D in vivo using experimental models of oral cancers [22, 23] . Using the Syrian hamster buccal carcinoma model, Meier and colleagues showed that administration of calcitriol significantly inhibited the development of oral neoplastic lesions following exposure to the carcinogen, 7,12-dimethylbenzanthracene (DMBA) over a 14 week period [22] . In the 4NQO model, we have previously demonstrated that administration of calcitriol for 4 weeks can enhance the activity of the EGFR inhibitor, Erlotinib, against OSCC [23] . However, the activity of vitamin D against the spectrum of oral carcinogenesis has not been previously reported. To address this gap in knowledge, we conducted preclinical trials to answer two questions integral to the clinical implementation of preventive regimens: Is long-term administration of calcitriol safe and effective in preventing oral carcinogenesis? Does the stage of intervention affect the chemopreventive activity (inhibition of initiation vs. inhibition of progression) of calcitriol?
We employed the 4NQO carcinogen-induced murine model of OSCC to determine the impact of disease stage and duration of exposure on the chemopreventive efficacy of calcitriol against OSCC. 4NQO is a synthetic water-soluble carcinogen that mimics the effects of chronic tobacco use [26, 31] . Chronic exposure of mice and rats to 4NQO in drinking water results in histologic and molecular alterations similar to human OSCC through intracellular oxidative stress and formation of DNA adducts [31, 32] . The 4NQO OSCC model shares several pathologic and molecular features of human OSCC and has been widely used for preclinical evaluation of chemopreventive agents [23, 26, 27] . Systemic long-term administration of calcitriol in this model was well tolerated with no significant change in body weight observed between the control and treatment groups. We examined the effects of the three calcitriol regimens on vitamin D metabolism and calcium homeostasis in mice. We observed a negative correlation between serum 1,25(OH) 2 D3 levels and duration of calcitriol treatment (Supplementary Figure S3 ). While serum 25 (OH)D 3 levels were comparable between control and calcitriol treated animals, mice treated with calcitriol for 26 weeks (4NQO + calcitriol → calcitriol) showed lowest serum 1,25 (OH) 2 D 3 suggestive of suppression of vitamin D activity, consistent with a previous report by Fleet et al. [33] . Given the risk of hypercalcemia associated with chronic calcitriol administration, we examined serum calcium levels in mice treated with the three calcitriol regimens. Serum calcium levels in control and calcitriol-treated animals using all three regimens were comparable and within the normal range [30] .
We utilized non-invasive MRI to monitor the course of disease progression in the 4NQO model. Serial MRI performed at regular intervals prior to, during and after carcinogen exposure and calcitriol treatment enabled longitudinal in vivo monitoring of oral carcinogenesis. Early evidence of preneoplastic changes in the oral cavity (hyperintense tongue lesions on T2W images) was detected by MRI examination at week 16 with exophytic lesions detected by week 24. Notably, none of the animals in the 4NQO + calcitriol group showed evidence of exophytic masses indicative of inhibition of malignant transformation with this regimen. Longitudinal MRI examination did not reveal any differences in the onset of exophytic lesions between control and the two other calcitriol regimens. This suggests that prolonged administration of calcitriol (4NQO + calcitriol → calcitriol) or administration of calcitriol following carcinogen exposure (4NQO → calcitriol) is ineffective in inhibiting disease progression or promotion in the 4NQO model. This is consistent with our previous study in which we observed minimal growth inhibition with short-term calcitriol treatment administered following carcinogen exposure in the 4NQO model [23] . The changes that contribute to the increased contrast in these oral lesions compared to surrounding tongue is unclear. Ongoing studies in the laboratory are examining the epithelial, stromal and vascular changes in response to 4NQO through functional imaging methods including T1, T2 mapping and diffusion weight imaging. Given the ability of MRI to allow for temporal examination of individual lesions, it would also be interesting to examine the histologic and molecular differences between progressing and non-progressing oral lesions using laser capture microdissection. Consistent with the MRI findings, histologic evaluation revealed that administration of calcitriol concurrently with 4NQO exposure for 16 weeks significantly reduced the incidence of premalignant lesions and inhibited malignant transformation (0/5 animals showed invasive cancer on histologic examination). Although the mechanism behind this observation is not clear, 4NQO results in the formation of DNA adducts such as 8-hydroxydeoxyguanosine (8OHdG) as a result of oxidative stress [26, 31, 32] . In this regard, vitamin D metabolites have previously been shown to decrease oxidative stress by reducing 8OHdG in colon cancer [34] . It is therefore plausible that administration of vitamin D concurrently with carcinogen exposure decreases carcinogen-induced oxidative stress during the tumor initiation phase. Our findings are in agreement with a previous report by Ajibade et al. [20] in which calcitriol was shown to be effective in inhibiting early stage disease in the transgenic adenocarcinoma of the mouse prostate (TRAMP) model. While all 3 calcitriol regimens resulted in a reduction in the incidence of carcinomas (60%) compared to 4NQO controls (100%), we observed an increase in the incidence of invasive cancer (3/5; 60%) in animals treated with calcitriol for 26 weeks compared to 4NQO controls (1/4; 25%). To explain this observation, we examined the impact of the three calcitriol regimens on vitamin D homeostasis. Since catabolic inactivation of calcitriol to 1,24,25 (OH) 2 D 3 occurs in the kidneys by CYP24A1, we compared renal CYP24A1 mRNA levels in mice exposed to the three different calcitriol regimens. Normalized expression levels of CYP24A1 mRNA showed~3-fold increase in mice exposed to calcitriol for 26 weeks (4NQO + calcitriol → calcitriol) compared to 4NQO controls (Supplementary Figure S4) . A positive correlation was observed between the duration of calcitriol exposure and renal mRNA CYP24A1 levels (Pearson's correlation r = 0.99; P = .008) (Supplementary Figure  S5) . Analysis of renal CYP27B1 did not show any significant difference across the groups (Supplementary Figure S4) .
Given that local (tongue) levels of CYP24A1 are likely to be a critical determinant of the anticancer activity of calcitriol, we performed immunostaining of tongue sections for CYP24A1 in the context of VDR signaling and disease phenotype (Ki67). We observed increased VDR expression in high grade dysplasia and SCC compared to normal epithelium. This is consistent with a previous observation by Grimm et al. [35] in human oral precancerous lesions and OSCC. Although the mechanisms behind this overexpression in early stages of oral carcinogenesis are unclear, it is plausible that the gradual increase in VDR expression in dysplastic epithelium is related to the increased number of proliferating cells. We observed a reduction in VDR expression following calcitriol treatment which is in agreement with previous studies [23] . The downregulation of VDR protein expression could be attributed to the high levels of CYP24A1 induced by calcitriol which leads to increased metabolism of the VDR ligand, 1,25(OH) 2 D 3 [36] . Compared to normal epithelium, increased CYP24A1 expression was seen in dysplastic lesions of mice treated with 4NQO + calcitriol or 4NQO → calcitriol. No difference in CYP24A1 expression was observed in mice exposed to 4NQO alone or 4NQO + calcitriol → calcitriol. This suggests that increased tumorigenesis in animals chronically exposed to calcitriol (26 weeks) is unlikely due to a change in local catabolism of calcitriol. While studies have previously reported upregulation of CYP24A1 in breast and colon cancers compared to normal tissues [37, 38] , our results highlight the potential of CYP24A1 as a potential early marker of dysregulation in vitamin D signaling during oral carcinogenesis.
And finally, examination of the disease phenotype showed increased Ki67 staining in dysplastic compared to normal epithelium in control animals and animals treated with 4NQO + calcitriol or 4NQO → calcitriol. In contrast, tongues from animals exposed to 4NQO + calcitriol → calcitriol did not show any difference in Ki67 staining between healthy and diseased tissue. Notably, higher Ki67 staining was seen even in the normal epithelium of mice exposed to this calcitriol regimen compared to all other groups. In this regard, Yuan et al. have shown that vitamin D deficient mice with decreased serum 25D 3 exhibit increased proliferation of the tongue epithelium [39] . It is therefore possible that chronic exposure to calcitriol results in high renal CYP24A1 induction and decreased systemic 1, 25(OH) 2 D 3 levels, which contributes to increased proliferation in healthy and diseased epithelial tissues.
In summary, our studies demonstrate that the effects of calcitriol on oral carcinogenesis are critically influenced by the stage of intervention and duration of exposure. Although limited by the small sample size, our observations suggest that calcitriol treatment during carcinogen exposure could be beneficial in halting malignant transformation of oral premalignant lesions, while chronic administration of calcitriol could potentially enhance carcinogenesis by sustained induction of CYP24A1 and suppression of endogenous 1,25(OH) 2 D 3 levels. However, several questions remain to be answered. First, given the limited sample size for individual cohorts in our study, future studies could examine the activity of calcitriol on disease progression using a large cohort of animals of both sexes over longer periods of observation. It would also be important to evaluate the effects of vitamin D in the context of young and old animals. It should be noted that animals in our study were maintained on a Vitamin D replete diet (house chow diet that contained 1000 IU Vitamin D). It would therefore be important to examine how calcitriol administration affects oral carcinogenesis in the context of vitamin D deficiency. It would also be useful to determine if dietary vitamin D supplementation is a better alternative for safe and sustained production of 1,25(OH) 2 D 3 . These studies may assist in determining the best intervention stage and duration of exposure of calcitriol for patients with premalignant lesions. Assessment of vitamin D status in patients with oral premalignant lesions and invasive cancer will also enable development of tailored vitamin D supplementation regimens that exhibit maximal chemopreventive efficacy. We have begun designing studies to address these questions and will report on our findings in the future.
